A three-year study was conducted to examine the spatial and temporal variability of phosphorus concentrations and mass loads within four sub-basins in the Crowfoot Creek watershed in southern Alberta, Canada. Monitoring was carried out at the inflows and outflows of the four sub-basins from mid-March until the end of October in 1997 to 1999. Data were collected on flow, total phosphorus (TP) and total dissolved phosphorus (TDP). The TP and TDP concentrations increased and were greatest during spring snowmelt and rainfall runoff events. Median TP concentrations varied from 0.022 to 1.141 mg L -1 and median TDP concentrations varied from 0.005 to 1.031 mg L -1 . Within the sub-basins, phosphorus concentrations generally increased between inflow and outflows. The presence of grassland and well-developed crop cover adjacent to the watercourses generally resulted in a greater proportion of TDP in runoff. The proportion of TP as TDP varied from 31 to 97% and appeared to be affected by the timing of the storm and antecedent moisture conditions of the soil. The proportion of phosphorus exported during events made up from 1 to 83% of the total phosphorus load during the post-spring runoff period. Phosphorus concentrations exceeded Alberta surface water quality guidelines most of the time; however, the addition of irrigation return flow water generally improved water quality in Crowfoot Creek.
Introduction
Interest in the phosphorus (P) content of surface water systems stems from the major role P plays in biological metabolism. While P is an essential element in plant growth and is necessary for crop production (McNeely et al. 1979; Sharpley 1997) , it occurs in lower concentrations than other major nutrients required by biota, and most commonly limits biological productivity (Wetzel 1983) .
Elevated concentrations of P can accelerate aquatic weed and algal growth in surface waters (Sharpley et al. 1987; Marston 1989; Cross and Cooke 1996) . Impacts of enrichment of water with nutrients, or eutrophication, are evidenced in increased aquatic plant growth, oxygen depletion, release of phosphorus from sediments, pH variability, plant species and food chain effects, and production of toxins Cross and Cooke 1996; Hansen et al. 2002) . While eutrophication is a naturally occurring phenomenon, it can be accelerated by anthropogenic influences.
The maximum allowable concentration of total phosphorus in surface water in Alberta is 0.05 mg L -1 (Alberta Environment 1999) . Lake water P concentrations between 0.01 and 0.02 mg L -1 are considered critical levels above which eutrophication is increased; however, these values are an order of magnitude lower than the concentration of P required in the soil for plant growth (Sharpley 1997) . The increasing intensity of land use for crop production is reflected in higher nutrient levels in rivers and lakes (Cooper 1993; Heathwaite 1995) , while runoff from feedlot and livestock grazing operations can also contribute P to surface water.
Generally, large spatial and temporal variations in phosphorus concentrations are present in Canadian surface waters. Surface water phosphate concentrations range from 0.001 to greater than 200 mg L -1 , with values between 0.01 and 0.05 mg L -1 considered typical (CCREM 1987) . Elevated levels of P can occur due to drainage through areas high in phosphatic rock content or rich in organic matter (CCREM 1987) . In Alberta, the nutrient content of many streams has been positively correlated with the intensity of agriculture in the drainage basin associated with it (Anderson et al. 1998) .
Phosphorus exists in organic and inorganic forms and can be present in dissolved or particulate species. Particulate P is considered a long-term source of P in the water, while dissolved P is immediately bioavailable (Sharpley et al. 1987) . The two main P transport pathways from agricultural land are surface and subsurface flow. Surface flows transport soluble P resulting from desorption, dissolution and extraction of P from soil and plant material. Particulate P includes all P adsorbed to soil particles and organic matter, with transport occurring during surface runoff as these materials are moved over the soil surface and into water bodies (Sharpley and Halvorson 1994) . Phosphorus is tightly bound to soil particles and therefore more likely to be transported by surface runoff as opposed to being leached into groundwater systems (Cross and Cooke 1996) . Due to the selective transport of organic matter and clay-sized particles during surface runoff, particulate P makes up a large percentage of the P removed from a watershed (Marston 1989) . These processes take place in a thin layer of surface soil with the P transported by surface runoff water.
Amounts of P transported from uncultivated land are usually considered background and cannot be reduced, yet these levels may be sufficient to cause eutrophication of surface water. Due to the limited information on the losses of P from areas before cultivation, it is difficult to quantify the increase in P loss following the introduction of cultivation (Sharpley and Halvorson 1994; Abrams and Jarrell 1995) .
Watersheds supporting intensive agricultural production are a major source of phosphorus load to lakes (Logan 1982) . The risk of P export from land to surface and subsurface water increases with increasing soil test P (Pote et al. 1996; Hansen et al. 2002; Vadas et al. 2005) , and is influenced by the form of fertilizer, rate, time and method of application, amount and time of rainfall after application, and vegetative cover (Sharpley and Halvorson 1994) . stated that particulate P contained 75 to 95% of the P transported from conventionally tilled land, while runoff from grass and forest land carried less sediment and was dominated by dissolved P. However, Cooke and Prepas (1997) found that much of the P leaving agricultural lands in north-central Alberta was in the form of dissolved P.
The objective of this study was to determine the spatial and temporal variability of phosphorus concentrations and mass loads within selected sub-basins along Crowfoot Creek and two irrigation return flow channels, and to determine if water quality within these sub-basins was affected by agricultural land use. Compliance with water quality guidelines and the impact of irrigation return flows on water quality in Crowfoot Creek were also examined.
Materials and Methods

Watershed Description
The Crowfoot Creek watershed is located in Wheatland County, approximately 85 km east of Calgary, Alberta, Canada (Fig. 1) . The watershed is situated within the Prairies Ecozone moist mixed ecoregion. The area is described as semi-arid with a mean annual temperature of 2.5°C, mean summer temperature of 15.5°C, and mean winter temperature of -11°C. Annual precipitation ranges from 350 to 400 mm (Ecological Stratification Working Group 1997). The watershed is approximately 1600 km 2 in size and land use is dominantly agricultural. Annual crops, summerfallow, improved pasture/forage and native grassland make up the majority of the landcover.
Crowfoot Creek is an intermittent creek arising in the North Branch and West Branch (Fig. 1) . The confluence of these branches is near the middle of the watershed and the resulting Main Branch of Crowfoot Creek flows into the Bow River. Natural flows in the creek are provided by snowmelt runoff in the spring and runoff from rainfall events during the remainder of the year. Flows are maintained from May to early October by the addition of return flow water from the Western Irrigation District (WID).
Site Selection and Characterization
Four sub-basins within the Crowfoot Creek watershed were selected for this study (Table 1 , Fig. 1 ). Crowfoot sub-basin 1 (CRFT1) and Crowfoot sub-basin 2 (CRFT2) are located on Crowfoot Creek, while WID sub-basin 1 (WID1) and WID sub-basin 2 (WID2) are natural drainage channels used to carry WID return flows to Crowfoot Creek.
Within CRFT1, Crowfoot Creek is fairly narrow and contains several wetlands. The primary inflow to CRFT1 is located a short distance from the WID Secondary B canal and as such has no drainage area above it. Several other irrigation return flow streams contribute water to Crowfoot Creek; however, these were not monitored.
Water flowing into CRFT2 passes through the Ducks Unlimited Hilton Wetland Project. This enhanced prairie wetland reduced levels of total suspended solids and fecal coliform bacteria, but did not have a significant impact on nutrient levels (Ontkean et al. 2003) . As with CRFT1, several WID return flow streams also contributed water to the creek in this reach.
Both WID sub-basins have inflow water from the WID infrastructure, with additional water entering the channels from other WID return flow streams along the reach. Both WID sub-basins discharge into Crowfoot Creek.
Landcover Classification and Mapping
Landcover maps of the sub-basins were prepared using an unsupervised classification of a LANDSAT 5 TM satellite image. The image used bands 3, 4 and 5 and was collected on August 5, 1997. The scene description was track 41, frame 24. Previously collected field data were used to ground truth the maps.
Flow Measurements and Sampling Procedures
Flow data were collected at the main inflow and outflow of each sub-basin using water stage recording wells and staff gauges. The wells recorded stages in 20-min intervals using dataloggers and calibrated float potentiometers.
Flow data were collected from the initiation of spring runoff until the end of October from 1997 to 1999. Staff gauge readings were collected during the spring runoff period when the stilling wells were iced in. Flow metering was carried out at all sites at various times throughout the monitoring period to record various flow stages. Three flow periods were identified during the monitoring period: spring runoff in March and April; post-spring runoff (PSRO) from the end of spring runoff to the end of October; and rainfall runoff events. Flow measurement was carried out using current meters. Mean daily flows (MDF) for each 24-h period at each site were calculated using the average of the 20-min flows or by converting the staff gauge reading for the day into a flow value.
Water quality samples were collected at the midpoint of the stream at the same locations as flow measurements were taken. Sampling was carried out a minimum of once per week during the monitoring period. This frequency was increased to daily sampling during Slope (%) 2 to 5 2 to 5 2 to 5 2 to 5 minor 6 to 9 minor 6 to 9 minor 6 to15 minor 6 to 9 Inflow sites CRFT1-I CRFT2-
Percentage of total sub-basin area in parentheses.
runoff periods. While several major rainfall events occurred during the study, only five events were sampled for water quality analysis: May 1997, July 1998 and one each in May, June and July 1999. Samples were collected every two hours for a 24-h period using an automated sampler. These samples were contained in a 9.4-L plastic bottle and a 2-L portion of the total water collected was removed for analysis at the end of the sampling period. A 2-L grab sample was collected during periods when the automated samplers were not in use due to freezing conditions or during runoff events. The 2-L field sample bottles were triple-rinsed with sample water before filling.
Analytical Procedures
The 2-L field sample bottles were transported to a field laboratory in coolers with ice packs. The bottles were shaken to resuspend sediments and one 125-mL sample of unfiltered water was decanted and preserved with 2 mL of 5% sulfuric acid and analyzed for total phosphorus. Two 125-mL filtered samples were prepared using 0.45-µm cellulose acetate filter paper. Highcapacity inline filters (0.45-µm) were used when large amounts of suspended sediments were present in the sample. One filtered sample was preserved with 2 mL of 5% sulfuric acid and analyzed for dissolved phosphorus, while the second sample was analyzed for orthophosphate. Analyses were carried out according to Greenberg et al. (1992) at the Soil and Water Laboratory, Irrigation Branch, Alberta Agriculture, Food and Rural Development, Lethbridge, Alberta. Discharge was calculated from stage and flow velocity measurements using the velocity and stream cross-sectional area method (Gray and Wigham 1970) . Mass load and flow-weighted mean concentration (FWMC) were calculated using the FLUX model (Walker 1996) , with the data stratified into one of the three flow periods. The FWMC was calculated as the mass load for a given time interval divided by the total flow volume for the same interval. Statistical analysis (P < 0.05) was carried out using WQHY-DRO (Aroner 1995) . Non-parametric tests were used to compare median concentrations among sites due to nonnormality of the data. The Kruskal-Wallis test was used to perform multiple site comparisons. Data values less than detection limits were assigned a value one-half the detection limit in order for them to be graphed and used in statistical analysis and flow models (Ward et al. 1988 ).
Results
Landcover
Much of the area adjacent to the creek in CRFT1 consists of native grassland used for grazing by cattle for much of the monitoring period (Table 1 , Fig. 2 ). Cropland areas are those areas with a crop in the current growing season and were generally cultivated close to the bank of the creek. Landcover in CRFT2 is primarily annual crops; however, areas adjacent to the creek are mainly grassland as the tortuous nature of the creek makes cultivation difficult. In the Crowfoot Creek subbasins, slopes are dominantly 2 to 5% with inclusions of 9 to 15% slopes; however, CRFT2 has several small, steeply sloping areas of 10 to 15%.
Much of the grassland in WID1 is adjacent to the creek and immediately upstream of the monitoring site ( Fig. 3) . Slopes in the lower end of WID1 range from 2 to 5%, while slopes in the upper portions range from 6 to 9% with inclusions of 9 to 16% slopes. The gentler slopes are also closer to the outflow site with 6 to 9% slopes in the upper portions of WID1. Areas of 9 to 15% slopes in this area are fenced and grass covered. Cattle were in this basin during the monitoring period and had open access to the creek.
In WID2, the grassland is distributed mainly in the upslope portion of the sub-basin, with cropland and summerfallow distributed throughout the sub-basin. Slopes range from 2 to 5% with inclusions of 6 to 9% in the upper slope areas.
Hydrology
Flow and water quality data were not collected at CRFT1-I, WID1-I and WID2-I during spring runoff as no water flowed past these sites. While snowcover data were not collected, observed snowcover was extensive in 1997 and resulted in a large percentage of the surface area in each sub-basin contributing to runoff. Snowcover was observed to cover less surface area within the subbasins in 1998, and appeared lowest in 1999. Snowcover in 1999 was located mainly within sheltered areas and watercourses.
Spring runoff flow volumes in Crowfoot Creek were greatest in 1997, accounting for 53 to 76% of the total flow volume exiting the sub-basins during the 1997 monitoring period (Fig. 4 ). Contributions from snowmelt were considerably less in 1998, ranging from 2 to 26% of the total annual flow volume, and lowest in 1999 when from 0.4 to 15% of the total annual flow passed out of the sub-basins during spring runoff.
Mean daily flows during spring runoff peaked quickly, then decreased to base flow levels by the end of spring runoff (Fig. 4 ). During the PSRO period, MDF began to increase in early May as irrigation return flows and spills began, peaked in July, then decreased to baseflow levels or ceased completely by the end of October. Rainfall runoff events appear on the hydrographs as sharp increases in flow ( Fig. 4 ).
Surface Water Quality
Spring snowmelt runoff. Median TP concentrations at CRFT1-O were lower in 1998 compared to 1997, with the greatest value observed in 1999 ( Table 2 ). The FWMCs of TP at this site increased each year (Table 3) . Median concentrations of TP decreased between CRFT2-I and CRFT2-O in all three years ( Table 2 ). The decrease was not significant during spring runoff in 1997 or 1998, but was significant in 1999 ( Table 2 ). The FWMC also decreased between CRFT2-I and CRFT2-O each year, with the largest decrease in 1999 and the smallest in decrease in 1997 (Table 3) .
Median TP concentration and the FWMC of TP decreased at WID1-O in successive springs (Tables 2 and  4 ). In WID2, median TP concentrations at WID2-O decreased each year, while FWMCs increased from 1997 to 1998 and then decreased to the lowest values observed in 1999 (Tables 2 and 4 ). Total P concentrations during spring snowmelt runoff exceeded the Alberta Surface Water Quality Guideline (ASWQG) of 0.05 mg L -1 by an order of magnitude at all sites and all three years of the study.
Mass loads were greatest at all sites in 1997 and lowest in 1999, except at WID1-O (Tables 3 and 4 ). In CRFT2, mass loads increased between inflow and outflow in 1997, indicating a net export of TP, while in 1998 and 1999 there was a net import of P.
Total dissolved phosphorus (TDP) made up the greatest proportion of TP at all sites (Table 3) . Within the Crowfoot Creek sub-basins, the percentage of TP as TDP during the three spring periods ranged from 80 to 93% at CRFT1-O; 81 to 89% at CRFT2-I; and 81 to 87% at CRFT2-O. The proportion of TP as TDP ranged from 83 to 91% at WID1-O and from 69 to 76% at WID2-O.
Post-spring runoff (PSRO).
Total P concentrations declined during the PSRO period in all sub-basins and increased during rainfall runoff events, with the exception of CRFT1-O in 1997 and 1998, when TP concentrations increased in the latter part of the monitoring period ( Fig. 5 ). Median TP concentrations generally exceeded the ASWQG for TP, with median inflow TP concentrations at CRFT1, WID1 and WID2 closest to the 0.05 mg L -1 guideline ( Table 2) .
The greatest concentrations of TP in the Crowfoot Creek sub-basins were observed between the end of spring runoff and the beginning of water diversion by the WID. Median TP concentrations in CRFT1 increased significantly between inflow and outflow sites during the PSRO period in all years ( Table 2) . FWMCs of TP were lower at CRFT1-I than CRFT1-O (Table 3) , and there was a net export of P from CRFT1 in 1997 and 1998, but a net import in 1999. Dissolved phosphorus was the dominant form of P observed in these sub-basins with total dissolved phosphorus comprising 45 to 81% of TP at CRFT1-I during the three years. At CRFT1-O, the percentage of TDP exceeded 87% in all three years (Table 2) . Total P concentrations in CRFT2 decreased between inflow and outflow each year; however, the decrease was not significant (Table 2) . The FWMCs increased slightly between CRFT2-I and CRFT2-O in 1997 and 1999, and decreased in 1998. There was a net export of P from CRFT2 in all three years. The percentage of TP as TDP was lower at CRFT2-O than CRFT2-I, with the difference being approximately 25% in 1997, 4% in 1998, and 6% in 1999 (Table 2) .
Inflow water diverted for irrigation in the WID subbasins contained fairly consistent TP concentrations (Fig. 6 ). Total P concentrations observed at WID1-I, WID2-IA and WID2-IB decreased during the majority of the PSRO period in 1997 and 1998, while TP concentrations increased at all sites in the latter part of the moni-toring period in 1999 ( Fig. 6 ). Median TP concentrations were less than 0.1 mg L -1 at all inflow sites (Table 2 ). Total P concentrations at WID1-O and WID2-O were initially high and generally decreased during the PSRO period, with increases in concentration observed during rainfall runoff events.
Median TP concentrations increased significantly between WID1-I and WID1-O in all years (Table 2 ). In WID2, median concentrations increased significantly between WID2-IA and WID2-O in 1998 and 1999, while in 1997, TP concentrations increased between these sites, but not significantly. Total P concentrations increased significantly between WID2-IB and WID2-O in all three years (Table 2) , while FWMCs of TP increased from two to three times within WID1 and WID2 in all three years (Table 4) .
A net import of TP was observed in WID1 in 1997, but a net export occurred in 1998 and 1999 (Table 4 ). In WID2, there was a net import of TP in 1997 and 1999, and a net export in 1998 (Table 4) .
The proportion of TP as TDP was lower at the WID monitoring sites compared to the Crowfoot Creek monitoring sites (Table 2) . While the percentage of TP as TDP at all inflow sites increased during the three years of monitoring, the percentages at the outflow site did not show the same response (Table 2) .
Event periods. Event period FWMCs of TP and TDP at the inflows and outflows of CRFT1 and CRFT2 were generally greater than during the PSRO period (Table 5) . The FWMCs of TP and TDP at CRFT1-O were greater than those at CRFT1-I during all events (Table 5 ). In CRFT2, FWMCs of TP were greater at CRFT2-O than CRFT2-I during the event in 1997 and the first event in 1999, while the FWMCs during the remainder of the events showed a decrease in TP concentration. The FWMCs of TDP decreased between CRFT2-I and CRFT2-O during all events. The proportion of PSRO TP mass load exported during event periods ranged from 6 to 72% in CRFT1 and from 7 to 74% in CRFT2 (Table 6 ). The percentage of TP as TDP during events was greater than 70% at CRFT1-O and greater than 47% at CRFT2-O (Table 7) .
Due to the similarities between event and non-event flows and concentrations at the inflow sites, the FLUX model was unable to delineate the event sampling periods at the inflow sites with sufficient accuracy. Mass loads and FWMCs were not calculated for event periods at the inflow sites for WID1 and WID2. At WID1-O and WID2-O, the FWMCs of TP and TDP generally increased during rainfall events ( Table 6 ). The proportion of the mass load exported during events ranged from 8 to 49% in WID1 and from 9 to 36% in WID2 ( Table 6 ). The percentage of event TP mass load exported as TDP ranged from 53 to 78% in WID1 and from 30 to 73% in WID2 (Table 7 ).
Discussion
Phosphorus sources in runoff can be difficult to determine (Schepers and Francis 1982) . Sources may include particulate matter carried by surface runoff (Hargrave and Shaykewich 1997; Douglas et al. 1998; Daniel et al. 1994; Lemunyon and Daniel 2002) , phosphorus in dissolved forms released from soil particles and soil organic matter (Ahuja et al. 1982) , or phosphorus leached from living and dead plant material (Schepers and Francis 1982; Schrieber and McDowell 1985) . Other phosphorus sources are resuspended sediment in the watercourse (Edwards et al. 2000; Riemersma et al. 2002) , as well as nutrients released by decaying plant material in instream wetlands (Peverly 1985; Daniel et al. 1994; Yan et al. 1998) .
Peaks in TP and TDP concentrations during spring snowmelt runoff and rainfall runoff events indicate phosphorus movement into the watercourse. Increases in phosphorus concentrations during spring snowmelt and rainfall runoff were likely due to the flushing of phosphorus into the watercourse by both overland flow as well as increased soil erosion (Chanasyk and Woytowich 1986) .
Crowfoot Creek Sub-basins
Both CRFT sub-basins showed similar temporal patterns from year to year (Fig. 5) . In cold climate areas, spring snowmelt makes up a significant percentage of the annual runoff (Nicholaichuk 1967; Hansen et al. 2000) . The magnitude of the phosphorus median concentrations and FWMCs at the individual monitoring sites in the CRFT sub-basins was impacted by the variability in the volume of runoff during the spring snowmelt periods monitored. Years with larger snowmelt runoff, such as 1997, resulted in more phosphorus being transported into the channel and more flushing of phosphorus from areas within the channel. CRFT1-O and CRFT2-I are examples of this, with FWMCs increasing from 1997 to 1999 as runoff volume decreased. The reduced runoff resulted in less transportation of various phosphorus forms from the landscape into the water and reduced flushing of the numerous wetlands that are found along the watercourse in CRFT1 and CRFT2. Nutrient content within these wetlands would be expected to increase due to the decay of plant material during the winter months (Ontkean et al. 2003) . Snowmelt runoff flushes nutrients from the wetlands, with greater runoff volumes resulting in more complete flushing of phosphorus from the wetlands and lower FWMCs compared to lower flushing volumes. Castillo et al. (2000) indicated that a pattern of increasing soluble phosphorus was likely due to lower discharge and less dilution.
Only the CRFT2 sub-basin had data that allowed comparisons among inflow and outflow sites during the spring snowmelt period. Median TP concentrations decreased within the sub-basin as runoff flushed large amounts of phosphorus from within the Hilton Wetland above CRFT2-I. The high concentrations of TP that entered the sub-basin were diluted as additional water entered the channel within the sub-basin. CRFT2 also has fewer small wetlands than CRFT1 to add phosphorus to the flowing water. The decrease was not significant in 1997 or 1998 as there was additional phosphorus added from surface runoff. In 1999, the runoff did not provide as much input from the surrounding area and the snowmelt water served to dilute the phosphorus within the watercourse.
While snowmelt is not as erosive as rainfall runoff, the loss of water-soluble contaminants can be large (Ginting et al. 1998) . High percentages of TP as TDP detected during spring snowmelt is in agreement with other studies completed in Alberta (Cooke and Prepas 1997; Anderson et al. 1998) ; however, studies in the United States indicate that the particulate form of phosphorus is the dominant form removed from agricultural areas during rainfall runoff (Sharpley et al. , 1987 Douglas et al. 1998; Lemunyon and Daniel 2002) .
Variations in the percentage of TP as TDP among years and sites may be due to several factors. In 1997, high spring runoff volumes and greater in-stream flow velocities may have caused greater soil erosion, greater amounts of sediment being transported by overland flow into the channel, as a resuspension of sediments within the creek channel and, a greater percentage of particulate matter in the water column. In contrast, lower runoff volumes in 1998 and 1999 resulted in less surface runoff and lower flow velocities, leading to reduced sediment transport, less channel scouring, and an increased opportunity for sediment to settle out of the water column.
Total dissolved P concentrations may also have been impacted by the release of phosphorus in wetlands along the watercourse. Studies of highly organic soils detected high concentrations of reactive phosphorus during spring thaw (Peverly 1982) . As with TP, the pattern of TDP at the monitoring sites was influenced by the volume of water available to flush out the creek channel and associated wetlands. Unable to model data from the inflow sites to these sub-basins using the FLUX model. Unable to model data from the inflow sites to these sub-basins using the FLUX model.
During rainfall runoff events several factors may influence the amount of surface runoff and variations in phosphorus concentrations (Quinton et al. 2001) . Antecedent soil moisture levels may have affected runoff volumes. In 1997, the large spring runoff may have increased soil moisture levels early in the spring. Five days prior to the May 1997 runoff event, rainfall of 21.6 mm in CRFT1 and 17 mm in CRFT2 occurred, further increasing soil moisture levels. The increased antecedent soil moisture levels likely resulted in run off occurring sooner during the sampled event. In contrast, a small spring runoff in 1999, coupled with only 8 mm of rain in the two weeks prior to the sampled event, resulted in lower antecedent moisture conditions. This, in turn, may have delayed the onset of surface runoff as a greater amount of rainfall may have infiltrated rather than run off.
During the rainfall event in July 1998, the intensity of the rainfall may have been responsible for the high runoff as 55 mm fell on July 4, 1998. In addition, two rainfall events added 36 and 38 mm of moisture at CRFT1 and CRFT2 during the week preceding the event, which increased antecedent soil moisture conditions. The application of water via irrigation also increased antecedent soil moisture content.
Rainfall timing may have impacted runoff volume and quality. Early in the spring the soil is more vulnerable to erosion due to rainfall than at other times of the year. Fields have been prepared for seeding and seeded crops have not yet developed a sufficient leaf canopy to reduce rainfall impact. Phosphorus fertilizers applied with the crop may also be transported with surface runoff at this time.
The high percentage of phosphorus export in association with rainfall events was supported by studies indicating that much of the erosion from agricultural land and the associated nutrient load could be transported in a few events (Edwards and Owens 1991; Hargrave and Shaykewich 1997; Quinton et al. 2001 ).
The high mass loads observed during the July 1998 event (Table 6) were the result of high flow volumes from rainfall in the watershed and high volumes of water being passed through the watershed via the WID infrastructure in response to the storm. Rainfall events in 1999 accounted for 6 to 27% of the mass load exported from CRFT1, and for 7 to 32% exported from CRFT2. The three 1999 events appeared to reflect the impact of increasing antecedent soil moisture content. While the initial sampled rainfall event in May 1999 occurred with little preceding rainfall, successive sampled events were preceded by rainfall. The percentage of PSRO TP exported during these events increased with each event. Total dissolved P in the CRFT sub-basins showed different responses to rainfall events. The percentage of TP as TDP remained fairly constant in CRFT1 and decreased in CRFT2 (Table 7) .
During the spring snowmelt and rainfall runoff periods, landcover may have also had an effect on the composition and amounts of phosphorus in the surface water. More than 40% of the landcover in CRFT1 was grassland with a large percentage adjoining the watercourse. Landcover in CRFT2 was predominantly annual crops with areas adjacent to the watercourse dominated by cropland with lesser amounts of grassland (Fig. 2) . The grassland areas may have acted as a buffer, resulting in the deposition of sediments and attached phosphorus from runoff prior to it reaching the watercourse (Schmitt et al. 1999) , with dissolved forms of phosphorus dominating the runoff . In CRFT1, this resulted in large percentages of TP in the form of TDP both during snowmelt and rainfall runoff events. Grazing cattle in these areas likely deposited fecal material high in dissolved phosphorus on the soil surface (Cooke and Prepas 1997) , which may have been removed by surface runoff (Jawson et al. 1982) .
Runoff within CRFT2 likely had greater amounts of sediment due to the increased amount of cultivated land and smaller and fewer grassland buffer areas along the watercourse. The type of tillage practiced within the cultivated areas can also have an effect on the amount of particulate phosphorus lost (Ginting et al. 1998 ); however, the amount of sediment likely decreased as the crop matured. The increasing crop canopy would reduce raindrop impact and crop material would reduce flow velocities, resulting in higher amounts of sediment remaining on the land while more dissolved phosphorus would be transported. The percentage of TP as TDP in CRFT2 during the events in May resulted in less than 50% TP as TDP, while the June event had 78% TP as TDP. The two July events were made up of more than 90% TP as TDP.
Median and FWMCs of TP at the individual sites were lower during the PSRO period than during spring or rainfall runoff periods. Phosphorus concentrations within CRFT1 increased significantly between inflow and outflow, likely due to the accumulation of phosphorus as the water passed through the wetlands within the sub-basin. In CRFT2, the opposite was observed with median TP concentrations showing a nonsignificant decrease between inflow and outflow as high TP concentrations entered CRFT2 from the Hilton Wetland. With fewer in-stream phosphorus sources, dilution of phosphorus occurred as irrigation return-flow water entered Crowfoot Creek between CRFT2-I and CRFT2-O.
WID Sub-basins
Similar median and FWMCs of TP at WID1-O during the three spring runoff periods monitored indicated that runoff exiting this sub-basin had a fairly consistent amount of phosphorus and runoff volume had little effect on FWMCs. Slopes in the upper reaches of WID1 were steep so snowmelt and rainfall runoff flowed into drainage channels fairly quickly, likely limiting infiltration and contact time between water and soil.
At WID2-O, median concentrations and FWMCs of TP were similar in 1997 and 1998 when more surface runoff occurred, but lower in 1999 when spring runoff was mainly limited to channel melt. While the reduced runoff transported less phosphorus from the land into the creek, it also provided less water to dilute the P in the channel already, resulting in higher concentrations.
During rainfall events, the WID sub-basins reacted in a similar fashion to the Crowfoot Creek sub-basins, with greater FWMCs during runoff. Individual events also had varying effects on phosphorus response. In WID1, no apparent trend in the percentage of TP as TDP in relation to the time of year was observed.
As in the CRFT sub-basins, WID1 and WID2 had different landcover adjacent to the watercourse. While both were dominated by cropland, WID1 contained more grassland adjacent to the watercourse that may have acted as a buffer and reduced the amount of particulate material reaching the water. In WID2, there was more cropland near the channel, which increased the opportunity for sediment to be transported into the water.
The events in 1999 resulted in similar trends to the Crowfoot Creek sub-basins with increasing TDP as crop cover increased. In July 1998, however, the percentage of TP as TDP was similar to the value for May 1999. The percentage of TP as TDP during events in May 1997 and 1999 did not increase from the overall PSRO percentage (Table 7) . Events earlier in the year would be expected to have lower percentages of TP as TDP due to greater particulate matter. The large percentage of grassland adjacent to the channel in WID1 likely acted as a buffer strip, reducing the amount of sediment reaching the watercourse. In 1999, the higher levels of TP as TDP later in June could not be explained.
In WID2, there was a clearer relationship between TDP and rainfall events than in WID1. Percentages of TP as TDP in May 1997 and 1999 were the lowest of the event periods. The percentages of TP as TDP increased in successive events in 1999. Events at similar times of the year did not always result in similar percentages of TP as TDP. The event in July 1998 had a lower percentage of TP as TDP than in July 1999. This may have been due to the differing intensities of the storms, with the July 1998 storm having greater precipitation in a shorter period of time.
Mass loads in the WID sub-basins were also controlled by water volume; however, an opposite trend to the CRFT sub-basins was observed. Greater volumes of water entered the WID sub-basins than exited due to water being withdrawn for irrigation and other uses. The result was a net import of phosphorus during the PSRO period. In years of low irrigation demand, there were instances of net export, usually due to reduced water volumes entering the sub-basins and the difference in phosphorus concentrations between inflow and outflow.
Total dissolved P was the dominant phosphorus form in the WID sub-basins; however, trends in the percentage of TP as TDP were not as apparent as those observed in the CFRT sub-basins. An increase in TDP as a percentage of TP in the WID sub-basins was likely due to deposition of sediment as water velocities declined. In 1999, increases in the median TDP concentrations at WID2-A and WID2-B were likely due to changes in the composition of the inflow water. In 1999, the Town of Strathmore received permission to spill controlled amounts of effluent into the WID canal system that supplies water to the WID2 inflow sites, potentially adding dissolved phosphorus to the system. A study by Castillo et al. (2000) concluded that even small contributions of soluble reactive phosphorus from wastewater treatment plants can impact the level of soluble reactive phosphorus in a watercourse.
During the PSRO period, median and FWMCs of TP at the individual WID sub-basin monitoring sites decreased, while TP concentrations between inflow and outflow of the individual sub-basins increased. Phosphorus concentrations in the WID inflow water were low and increased as water flowed through the sub-basin and accumulated phosphorus. As in CRFT1, in-stream phosphorus additions likely occurred from sediments and other inflows.
The TP concentrations within all of the sub-basins generally exceeded the ASWQG of 0.05 mg L -1 . This was especially true during spring snowmelt and rainfall runoff periods. During the PSRO period, TP concentrations decreased towards the guideline; however, only the WID sub-basin monitoring sites and CRFT1-I met the guideline at any time during the monitoring period.
The TP concentrations observed at WID1 and WID2 were generally lower than those at the outflows of CRFT1 and CRFT2 as there are fewer in-stream sources of phosphorus in the WID sub-basins. Consequently, water contributed by the WID sub-basins diluted water in Crowfoot Creek and resulted in reduced phosphorus concentrations. This is further supported by the increase in phosphorus concentration as flow decreased at the end of the monitoring period, indicating a natural level of phosphorus in the watercourse.
Conclusions
Concentrations of phosphorus within the sub-basins varied depending on the time of year, amount of runoff, and landcover. Phosphorus concentrations were greatest during spring snowmelt and rainfall runoff events. Surface runoff during spring snowmelt carried phosphorus into the creek and flushed phosphorus from within the watercourse and wetlands. The TP and TDP concentrations increased during rainfall runoff events, with the magnitude of the increase affected by antecedent soil moisture conditions and rainfall timing in relation to landcover. Events that occurred when soil moisture was high and prior to extensive plant canopy development resulted in increased TP concentrations in runoff. Late season precipitation increased the percentages of TP as TDP, likely due to reduced soil erosion from landcover with more extensive growth.
Mass loads varied with the volume of the runoff, with from 1 to 83% of the total mass load of phosphorus removed during spring snowmelt or rainfall runoff events. Phosphorus was generally exported from the CRFT sub-basins due to greater concentrations and flow volumes at the outflow sites. The WID sub-basins sometimes showed a net decrease in mass load due to withinbasin withdrawals of water for irrigation use.
Landcover in all sub-basins appeared to affect the percentage of TP as TDP. The percentage of TP as TDP decreased with increased cropped land and summerfallow area within the sub-basin adjacent to the watercourse, and increased in sub-basins where grassland may have acted to buffer the watercourse. Total P concentrations increased significantly within three of the four subbasins, indicating the presence of available phosphorus within these sub-basins. Total dissolved P concentrations increased significantly within the same sub-basins, likely due to a reduction in particulate material by deposition.
Total P concentrations exceeded the Alberta surface water quality guideline of 0.05 mg L -1 during the majority of the monitoring period. Overall phosphorus concentrations were lower in the WID than in the Crowfoot Creek sub-basins, indicating that WID return flow water reduced phosphorus concentrations in Crowfoot Creek. 
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